Abstract: Poor moisture resistance of natural fiber reinforced bio-composites is a major concern in structural applications. Many efforts have been devoted to alleviate degradation of bio-composites caused by moisture absorption. Among them, fiber pre-treatment has been proven to be effective. This paper proposes an alternative "green" fiber pretreatment with furfuryl alcohol. Pre-treatments with different parameters were performed and the influence on the mechanical properties of fiber bundles and composites was investigated. Moisture resistance of composites was evaluated by water absorption tests. Mechanical properties of composites with different water contents were analyzed in tensile tests. The results show that furfuryl alcohol pretreatment is a promising method to improve moisture resistance and mechanical properties (e.g., Young's modulus increases up to 18%) of flax fiber composites.
Introduction
Sustainable development has increasing importance nowadays. Many efforts have been devoted to reducing greenhouse gases emission and avoiding mass production of products from non-renewable resources. In the field of advanced composite materials, bio-composites (we only refer to plant fibers and bio-based polymers in this work) and their applications gain increasing interest in many industries [1] [2] [3] . Apart from the self-evident advantage of reduced environmental impact, bio-composites exhibit acceptable specific mechanical properties [4, 5] . Plant fibers have other advantages of low cost, low density, easy handling, non-abrasive nature, etc. [6, 7] . Their applications in composites can now be found in automotive, sports, transport vehicles and construction industries [8] [9] [10] .
Despite the promising mechanical properties of bio-composites that have been proven by many researchers, applications of bio-composites in structural components are still hindered by several challenges [6, 11] . Major concerns lie in the hydrophilia of plant fibers, which brings two problems: the poor compatibility between hydrophilic plant fibers and hydrophobic polymer matrix and the low moisture resistance of bio-composites, which is related to durability of bio-composites. Indeed, plant fibers, as cellulosic fibers, are abundant in polar functional groups such as hydroxyl groups. When bio-composites are exposed to humid atmosphere or rain, absorbed water molecules in the composites are very susceptible to form hydrogen bonds with these polar functional groups and then remain in the composites [11] . The hollow structure of plant fibers further facilitates the absorption of water molecules of bio-composites. Several studies demonstrate that bio-composites can achieve a high weight increase of over 10% within few months immersed into water [12, 13] .
Materials and Methods

Bio-Based Epoxy Matrix and Flax Fibers
The selected matrix was a two-component green epoxy system (InfuGreen 810/SD 8822, mixing ratio in weight 100:31, from Sicomin, Châteauneuf les Martigues, France). The resin (InfuGreen 810, Sicomin, Châteauneuf les Martigues, France) was derived from colza and has a carbon green content of 38%. The used flax fibers were in the form of non-crimp unidirectional fabric (Bcomp Ltd., Fribourg, Switzerland). Fibers were twisted together into yarns and snitched with textured polyester (1/cm). The fabric had a weight of 300 ± 5% g/m 2 . Furfuryl alcohol is a laboratory chemical obtained from Alfa Aesar (supplier: Thermo Fisher GmbH, Karlsruhe, Germany). Applied catalyst for polymerization of furfuryl alcohol was p-Toluenesulfonic acid (PTSA), a product from Sigma-Aldrich Chemie GmbH, Steinheim, Germany.
Furfuryl Alcohol Treatment on Flax Fibers
Furfuryl alcohol solvent was firstly prepared. PTSA was dissolved in distilled water and then mixed with furfuryl alcohol (0.3 g PTSA and 10 g water for 100 g FA). Flax fabrics in desired sizes (280 mm × 270 mm) were impregnated with FA solvent. Content of FA absorbed by flax fabrics was carefully controlled at 40% ± 1% by using paper towels to absorb excessive FA solvent. Afterwards the impregnated fabrics were wrapped with aluminum foils and placed into oven. Two different heating cycles were used to investigate the effects of temperature on the treatments (Table 1) . Treatment 2 was selected as the treatment parameters to investigate the influence of FA treatment on the mechanical properties at different moisture contents. Specimens that underwent Treatment 1 were not evaluated at every moisture content. Only tensile properties before and after 243 h immersed in water bath (also only part of moisture absorption tests) were investigated for Treatment 1 to analyze whether a different heating cycle would impose a significant influence on the effects of FA treatment. It should also be noted that the selected high temperatures in this work were determined by Malte Thomsen, who worked under the author's supervision to find satisfactory treatment parameters in preliminary investigations. 
Composite Manufacturing
Composites were manufactured through vacuum assisted resin transfer molding. Vacuum was applied during the resin infusion process to assure a low porosity level. Pressurized air (2 bar) was applied after resin infusion during the whole curing cycle (30 • C for 8 h followed by 60 • C for 16 h). The resulting composites have a fiber volume fraction of 40%, calculated by surface density of flax fabrics and density of flax fibers.
Water Absorption
Water absorption was conducted according to ISO-62 [29] . Samples were cut (dry cutting with air as the coolant) into sizes for the tensile tests detailed in the following section. Edges of specimen were carefully polished using a two-step process (grit sizes of sand paper: 320, 1000) to eliminate the influence of edge quality on water uptake. Polished specimens were then conditioned in a desiccator for 12 h at controlled temperature (20 • C) and relative humidity (35% RH). They were then immersed into distilled water bath (room temperature) for 40 h, 115 h and 243 h to obtain different moisture contents. Water absorption behavior was studied by investigating the weight change of the specimens. It was calculated using the following equation:
where C t is weight change of a specimen after an arbitrary time interval t being immersed; m 2 is the mass of tested specimen after immersion; and m 1 is the initial mass of tested specimen after conditioning in desiccator.
Mechanical Tests on Composites
Tensile properties in fibers direction (0 • ) and perpendicular to fiber direction (90 • ) were tested according to ASTM 3039 [30] . Load capacity levels of test machines and basic test set-ups are listed in Table 2 . Five replicate specimens were tested for each treatment condition, except that four specimens were tested in the case of 0 • specimen immersed for 243 h. For 0 • specimens, Young's modulus was defined via the secant modulus between two strain points: 0.05% and 0.25%. For 90 • specimens, the same method was used to calculate the transverse modulus, expect that the chosen two strain points are 0.2% and 0.3% to avoid the pronounced slack found at the initial loading stage. Strain data of 90 • specimen were obtained from the displacement of traverse. The used sample clamp and testing machine were considered as ideally stiff. However, the transverse modulus calculated in this work is lower than the value predicted by role of mixture. Therefore, the data might not reflect the true intrinsic properties of the composites. Typical problem of grip compliance could be responsible for the deviation. Hence the apparent transverse modulus is then used for phrasing in this paper, instead of transverse modulus. Since the same clamp was used for all tested samples, comparisons of apparent transverse modulus are still considered to be valid. Individual flax fiber bundles were extracted directly from flax fabrics at random. Paper tapes were wrapped at both ends of yarn for load introduction. The distance between tape ends was 100 mm. All yarns were loaded at a speed of 5 mm/min until breakage. It should be noted that the cross section area of yarns was not measured because of the large scatter along with one individual yarn and the irregular shape of the cross section. Only the breaking forces were evaluated. At least 10 yarns were extracted from for each type of fabrics at random and then tested.
Scanning Electron Microscope (SEM)
In this paper, SEM observation was conducted on Phenom XL (Thermo Fisher Scientific, Phenom-World B.V., Eindhoven, The Netherlands). Secondary Electron Detection (SED) was chosen under an acceleration voltage of 10 kV for high quality pictures. All samples were sputtered a thin layer of gold in thickness of about 6.5 nm.
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analysis was applied to investigate the polymerization degree of FA. Tests were performed on Bruker TENSOR II (Bruker Corporation, Billerica, MA, USA) with an ATR-unit (Attenuated Total Reflection). The chosen range was from 500 cm −1 to 4000 cm −1 . The resolution was determined to be 4 cm −1 and the spectra were averaged over 16 scans. Spectra from five different locations on each treated or untreated flax fabric were measured, and the average spectra were used.
Results
Characterization of FA Treatment
Impregnated FA in the flax fabrics polymerized into PFA after the heating treatments. The color of flax fabric turned from off white to yellow-red ( Figure 1 ) after FA treatment. Such change of color is ascribed to the formation of chromophore during polymerization process of FA [22, 27] . Weight gain of flax fabrics after FA Treatment 2 is about 10%, while flax fabrics that underwent Treatment 1 have a slightly higher weight gain of about 11%. A closer observation on the influence of FA treatment on fiber surface morphology was achieved by SEM. As shown in Figure 2a , most areas of untreated flax fibers surfaces exhibit a smooth appearance, with only some degraded regions probably caused by over retting during flax fiber production. In contrast, parts of treated flax fiber surfaces were covered by thin layers of winkle materials, which can be recognized as PFA (Figure 2b ). FTIR spectra of treated flax fabric also give indication of presence of PFA on the flax fiber surfaces (Figure 3 ). The broad band from 3000 cm -1 to 3600 cm -1 shows a fading after the FA treatment, owing to the reduced hydroxyl groups on the flax fiber surfaces which are covered by PFA coating. Peaks at 1704 cm -1 and 1504 cm -1 , which are the feature peaks of the furan rings [21, 26] , indicate the presence of PFA. No significant difference was observed between spectra of two treated flax fabrics. A closer observation on the influence of FA treatment on fiber surface morphology was achieved by SEM. As shown in Figure 2a , most areas of untreated flax fibers surfaces exhibit a smooth appearance, with only some degraded regions probably caused by over retting during flax fiber production. In contrast, parts of treated flax fiber surfaces were covered by thin layers of winkle materials, which can be recognized as PFA (Figure 2b ). A closer observation on the influence of FA treatment on fiber surface morphology was achieved by SEM. As shown in Figure 2a , most areas of untreated flax fibers surfaces exhibit a smooth appearance, with only some degraded regions probably caused by over retting during flax fiber production. In contrast, parts of treated flax fiber surfaces were covered by thin layers of winkle materials, which can be recognized as PFA (Figure 2b ). FTIR spectra of treated flax fabric also give indication of presence of PFA on the flax fiber surfaces ( Figure 3 ). The broad band from 3000 cm -1 to 3600 cm -1 shows a fading after the FA treatment, owing to the reduced hydroxyl groups on the flax fiber surfaces which are covered by PFA coating. Peaks at 1704 cm -1 and 1504 cm -1 , which are the feature peaks of the furan rings [21, 26] , indicate the presence of PFA. No significant difference was observed between spectra of two treated flax fabrics. FTIR spectra of treated flax fabric also give indication of presence of PFA on the flax fiber surfaces ( Figure 3 ). The broad band from 3000 cm -1 to 3600 cm -1 shows a fading after the FA treatment, owing to the reduced hydroxyl groups on the flax fiber surfaces which are covered by PFA coating. Peaks at 1704 cm -1 and 1504 cm -1 , which are the feature peaks of the furan rings [21, 26] , indicate the presence of PFA. No significant difference was observed between spectra of two treated flax fabrics. 
Tensile Tests on Flax Fiber Bundles
Figure 4 shows representative force-elongation curves from tensile tests of flax fiber bundles. All types of yarns exhibit brittle tensile behavior. FA treated yarns tended to have a considerably stiffer response upon tensile loads. However, a weakening effect was observed for treated yarns. As summarized in Table 3 , the strength of yarns was significantly reduced by FA treatments. Treated yarns broke at lower load levels and resist much less deformation before fracture comparing to untreated yarns. No significant difference was observed between two treatments. 
Moisture Absorption Tests
Results from moisture absorption tests are summarized in Table 4 . It can be seen that composites reinforced with FA treated fibers show superior properties of moisture absorption reduction comparing to their untreated counterparts. Moreover, an improvement in moisture resistance was observed over the whole investigated time span (40 h, 115 h and 243 h), as displayed in Table 4 . Water absorption measured by weight increase was higher for 90° specimens for both treated and untreated composites. 
Results from moisture absorption tests are summarized in Table 4 . It can be seen that composites reinforced with FA treated fibers show superior properties of moisture absorption reduction comparing to their untreated counterparts. Moreover, an improvement in moisture resistance was observed over the whole investigated time span (40 h, 115 h and 243 h), as displayed in Table 4 . Water absorption measured by weight increase was higher for 90 • specimens for both treated and untreated composites. 
Tensile Tests on Flax Fiber Composites
Tensile tests results are summarized in Tables 5 and 6 . Different responses after FA treatments were observed in 0 • and 90 • specimen. The tensile strength in fiber direction (longitudinal tensile strength) was observed to decrease after FA treatment, while the longitudinal Young's modulus increased. On the contrary, both the tensile strength and modulus perpendicular to fiber direction (transverse) demonstrate higher values for FA treated ones. Upon water absorption, all tested composites show decreasing trends in both tensile strengths and modulus (longitudinal and transverse). Comparing to untreated composites, tensile properties of treated composites are better retained after moisture absorption.
Discussion
Influence of FA Treatment on the Mechanical Properties of Composites
Obviously, the FA treatment imposes a significant effect on the tensile properties of composites. As can be seen in Figure 5 , tensile strength in fiber direction is significantly degraded (by about 30%) after FA treatments. Such degradation was also observed in the fiber bundle tensile tests on treated yarns. Break forces of FA treated yarns was found to be reduced by over 45% (Table 3 ). The consistence between two tests can thus explain the sink of tensile properties in fiber direction. In fact, it has been reported that cellulosic natural fibers can be degraded under acid conditions at high temperatures [31] . Marshall [32] also mentioned a significant strength reduction of flax/cotton nonwoven mat after heating (60 • C and 120 • C) with citric acid. When applying tensile loading in fiber direction, the fibers carry the main load and any weakening of their mechanical properties by degradation would correspondingly result in a decreased maximum load the composites can carry. The treatments in this paper applied a high temperature of 150 • C under strong acid condition, thus can be an important attributing factor to the decrease of tensile properties in fiber direction.
As can be seen in Figure 5 [31] . Marshall [32] also mentioned a significant strength reduction of flax/cotton nonwoven mat after heating (60 °C and 120 °C) with citric acid. When applying tensile loading in fiber direction, the fibers carry the main load and any weakening of their mechanical properties by degradation would correspondingly result in a decreased maximum load the composites can carry. The treatments in this paper applied a high temperature of 150 °C under strong acid condition, thus can be an important attributing factor to the decrease of tensile properties in fiber direction. Further investigation on the tensile tests of 90 • composites allowed evaluating the effects of treatment on fiber-matrix interfacial bonding properties. As displayed in Table 6 , the slight increase in transverse tensile strength and modulus of treated composites could be an indication of improved fiber-matrix bonding properties. In fiber reinforced laminates, good fiber-matrix bonding properties impede the propagation of critical flaw and cracks, resulting in high transverse tensile strengths [33] .
The improved fiber-matrix bonding could result from two-fold mechanisms. Firstly, the treated yarns are more compatible with the hydrophobic matrix, owing to the fact that coated PFA on the fiber surfaces increases the hydrophobicity. Secondly, as already shown in Figure 2b , treated fiber surfaces are rougher and offer a larger surface area to interact with matrix. SEM observations on the fracture surface of 90 • composites also prove a good fiber-matrix bonding for treated composites. The PFA at interfaces both on and inside a fiber bundle were found to join flax fibers and the matrix strongly, showing no clearance between each other (Figure 6b ). Although no conclusive evidence could be given whether there are chemical bonds generated between PFA and matrix, the strong bonding between flax fibers and PFA could be resulted from the formation of covalent bonds through the reactions between PFA chains and hydroxyl groups of lignin on flax fiber surfaces [25, 28] . In comparison, debonding between flax fiber bundles and matrix was observed at the interfaces for untreated composites, indicating an inferior bonding between flax fibers and matrix (Figure 6a) .
Degradation in strength is a disadvantage of the applied treatment, whereas the Young's modulus of composites in fiber direction is improved by about 18%. This can be partly attributed to a better fiber-matrix bonding as discussed above. A strong fiber-matrix bonding facilitates load transfer from matrix to fibers without causing much deformation in the interfacial regions. On the other hand, coated PFA might have a stiffening effect on loaded fibers (Figure 4) . It is assumed that FA penetrates inside the yarns or even possibly in the fiber cells and polymerize into stiff PFA, replacing weak parts of fibers or connections between individual fibers. This would also explain the experimental results for the fiber yarns, but further investigations are necessary to verify this hypothesis.
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Influence of FA Treatment on the Moisture Absorption of Composites
Applying FA treatment on flax fibers leads to the expected improvement in moisture absorption retardation. For 0° specimens that underwent FA Treatment 2, the amount of water uptake after 40 h, 115 h and 243 h was reduced by 34%, 39% and 42.4%, respectively, compared with untreated composites (Figure 7) . Absorbed water amount of composites after over 10 days reached only 1.389% of original weight, while the untreated composites absorb nearly twice as much water. The improvement of moisture resistance can be ascribed to the better fiber-matrix bonding of the composites which impede the propagation of water molecules along with the fiber-matrix interfaces. Furthermore, flax fibers were more hydrophobic after FA treatment owing to the introduction of PFA on the flax fibers or inside flax fiber cells. In fact, PFA is stated to have an excellent water resistance property. Water 
Applying FA treatment on flax fibers leads to the expected improvement in moisture absorption retardation. For 0 • specimens that underwent FA Treatment 2, the amount of water uptake after 40 h, 115 h and 243 h was reduced by 34%, 39% and 42.4%, respectively, compared with untreated composites (Figure 7) . Absorbed water amount of composites after over 10 days reached only 1.389% of original weight, while the untreated composites absorb nearly twice as much water. The improvement of moisture resistance can be ascribed to the better fiber-matrix bonding of the composites which impede the propagation of water molecules along with the fiber-matrix interfaces. Furthermore, flax fibers were more hydrophobic after FA treatment owing to the introduction of PFA on the flax fibers or inside flax fiber cells. In fact, PFA is stated to have an excellent water resistance property. Water uptake of PFA at saturation was reported to have a value of 1.12% [21] , which is lower than commonly used polymer matrixes, including the selected bio-epoxy in this work. uptake of PFA at saturation was reported to have a value of 1.12% [21] , which is lower than commonly used polymer matrixes, including the selected bio-epoxy in this work. 
Influence of FA Treatment on the Retention Properties of Composites after Water Absorption
Retention of mechanical properties in wet conditions is vitally important for composites used in structural applications. Severe degradation of wet composites in mechanical properties is the major reason moisture resistance of composites is required to be improved. Figure 8 displays the retention of tensile properties of FA treated specimen (T2) and untreated specimen. The tensile properties of treated composites are better maintained compared to the untreated ones at the same immersion duration. Longitudinal tensile strength of treated composites only decreased by 5.3% after >5 days immersed in water, while their untreated counterparts showed a decrease of 15.5% over the same time span. When it comes to transverse strength, both types of composites show a pronounced decrease along with the immersion time. Untreated composites again demonstrated a worse retention compared to FA treated ones, especially over the first 115 h in water, 
Retention of mechanical properties in wet conditions is vitally important for composites used in structural applications. Severe degradation of wet composites in mechanical properties is the major reason moisture resistance of composites is required to be improved. Figure 8 displays the retention of tensile properties of FA treated specimen (T2) and untreated specimen. The tensile properties of treated composites are better maintained compared to the untreated ones at the same immersion duration. Longitudinal tensile strength of treated composites only decreased by 5.3% after >5 days immersed in water, while their untreated counterparts showed a decrease of 15.5% over the same time span. When it comes to transverse strength, both types of composites show a pronounced decrease along with the immersion time. Untreated composites again demonstrated a worse retention compared to FA treated ones, especially over the first 115 h in water, indicating a faster degradation in fiber-matrix bonding. This is further testified by SEM observations on 90 • specimen fracture surfaces. As depicted in Figure 9 , there is an evident difference in the fractographic features for untreated composites before and after water absorption, while no obvious change was observed for FA treated composites. Figure 9a depicts the loose fiber bundles/matrix bonding of untreated composites, with flax fibers still bunching up together in the original from of yarns. After absorbing moisture over five days, inter-fiber splitting inside fiber bundles was noticed (Figure 9b ), indicating that inter-fiber bonding was weakened significantly by the absorbed water molecules. In contrast, FA treated composites show similar fractographic features of tight flax fiber-matrix bonding and broken fibers bunches before and after 115 h in water, revealing a better resistance of fiber-matrix bonding against water uptake.
Retention of mechanical properties in
composites only decreased by 5.3% after >5 days immersed in water, while their untreated counterparts showed a decrease of 15.5% over the same time span. When it comes to transverse strength, both types of composites show a pronounced decrease along with the immersion time. Untreated composites again demonstrated a worse retention compared to FA treated ones, especially over the first 115 h in water, indicating a faster degradation in fiber-matrix bonding. This is further testified by SEM observations on 90° specimen fracture surfaces. As depicted in Figure 9 , there is an evident difference in the fractographic features for untreated composites before and after water absorption, while no obvious change was observed for FA treated composites. Figure 9a depicts the loose fiber bundles/matrix bonding of untreated composites, with flax fibers still bunching up together in the original from of yarns. After absorbing moisture over five days, inter-fiber splitting inside fiber bundles was noticed (Figure 9b ), indicating that inter-fiber bonding was weakened significantly by the absorbed water molecules. In contrast, FA treated composites show similar fractographic features of tight flax fibermatrix bonding and broken fibers bunches before and after 115 h in water, revealing a better resistance of fiber-matrix bonding against water uptake. Figure 10a shows the retention of Young's modulus in fiber direction, which is an indication of load transfer efficiency at fiber-matrix interfaces and intrinsic fiber tensile modulus. It is clearly revealed that FA treatment on composites demonstrated not only a significantly increased stiffness over the untreated composites (Table 5 ), but also reserve larger extent of Young's modulus. Stronger fiber-matrix bonding again explains the better resistance on degradation at fiber-matrix interfaces. Meanwhile, the higher hydrophobicity of flax fibers also impeded the plasticizing effect on flax fibers caused by water absorption, which could be responsible for the widening superiority of treatment at longer submersion in water (after 243 h). Similar effects of FA treatment were also observed for transverse modulus (Figure 10b and Table 6 ), except that the advantage at longer exposure to water was weakened. In fact, the transverse modulus was dominated by the matrix modulus and also fiber-matrix interface stiffness. During the first 115 h in water, degradation in fiber-matrix stiffness of treated composites was less severe for the untreated ones; the treated ones thus maintain a high fiber-matrix stiffness. The matrix stiffness degradation by water absorption could be to some extent compensated. However, it is likely that the compensation effect was weakened upon longer exposure, owing to the fact that both fiber-matrix stiffness and matrix stiffness are further reduced. Figure 10a shows the retention of Young's modulus in fiber direction, which is an indication of load transfer efficiency at fiber-matrix interfaces and intrinsic fiber tensile modulus. It is clearly revealed that FA treatment on composites demonstrated not only a significantly increased stiffness over the untreated composites (Table 5 ), but also reserve larger extent of Young's modulus. Stronger fiber-matrix bonding again explains the better resistance on degradation at fiber-matrix interfaces. Meanwhile, the higher hydrophobicity of flax fibers also impeded the plasticizing effect on flax fibers caused by water absorption, which could be responsible for the widening superiority of treatment at longer submersion in water (after 243 h). Similar effects of FA treatment were also observed for transverse modulus (Figure 10b and Table 6 ), except that the advantage at longer exposure to water was weakened. In fact, the transverse modulus was dominated by the matrix modulus and also fibermatrix interface stiffness. During the first 115 h in water, degradation in fiber-matrix stiffness of treated composites was less severe for the untreated ones; the treated ones thus maintain a high fibermatrix stiffness. The matrix stiffness degradation by water absorption could be to some extent compensated. However, it is likely that the compensation effect was weakened upon longer exposure, owing to the fact that both fiber-matrix stiffness and matrix stiffness are further reduced. Interestingly, longitudinal tensile strength of untreated composites after 243 h in water was higher than after 115 h in water (Figure 8) , showing a "strengthening" effect upon further water absorption, while the transverse tensile strength remained circa 30% lower. In fact, a high longitudinal tensile strength of unidirectional composites does not necessarily indicate high fibermatrix bonding [34] . Local stress concentration at broken fiber ends and debonding areas also contribute greatly to the ultimate tensile strength. Under the same fiber-matrix bonding properties, local concentrations in untreated composites (243 h in water) was believed to play a less important role because of further plasticizing effects, proven by a higher failure strain of 2.38% compared to 2.08% after 115 h in water. The higher failure strain also means more movement of fibers to a better alignment in the load direction, partly overcoming the fiber misalignment and thus compensate the weakening fiber-matrix bonding. Interestingly, longitudinal tensile strength of untreated composites after 243 h in water was higher than after 115 h in water (Figure 8) , showing a "strengthening" effect upon further water absorption, while the transverse tensile strength remained circa 30% lower. In fact, a high longitudinal tensile strength of unidirectional composites does not necessarily indicate high fiber-matrix bonding [34] . Local stress concentration at broken fiber ends and debonding areas also contribute greatly to the ultimate tensile strength. Under the same fiber-matrix bonding properties, local concentrations in untreated composites (243 h in water) was believed to play a less important role because of further plasticizing effects, proven by a higher failure strain of 2.38% compared to 2.08% after 115 h in water. The higher failure strain also means more movement of fibers to a better alignment in the load direction, partly overcoming the fiber misalignment and thus compensate the weakening fiber-matrix bonding.
Comparison of FA Treatments with Different Heating Cycles
The polymerization process of FA into PFA is assumed to involve a series of complex reactions [22, 27] . It is sensitive to several parameters such as type of catalysts, catalyst contents, temperature histories by polymerization, FA solvent contents of treated fibers, etc. These parameters could affect the influence of FA treatment on flax fiber composites. This paper gives preliminary attention to the influence of two heating cycles on the effects of FA treatment. As shown in Figure 3 , the FTIR spectrum of both treated flax fibers show no great difference from each other, which indicates basically similar polymerization degrees. The tensile tests on treated fiber bundles also indicates no clear trend of superiority between the two treatments ( Table 3) . With regard to the effects on the mechanical properties of composites (Tables 5 and 6 ) and moisture absorption resistance (Table 4) , the discrepancy is also perceived to be not significant. It appears that FA treatment is not sensitive to heating cycles within the selected time and temperature span. However, it should be mentioned that both heating cycles were determined to assure a satisfying polymerization degree of FA. Therefore, it is assumed that FA treatment might not be sensitive to temperature histories, as long as the polymerization degree of FA reaches a certain range when other parameters are held constant. However, further research on the influence of the treatment parameters is still required.
Conclusions
This study investigated a fiber pretreatment on flax fiber composites using furfuryl alcohol. Moisture uptake of resulting composites and their retention in tensile properties were analyzed. The results show an expected improvement in moisture resistance and a better retention of tensile strength and stiffness for treated composites. FA treatment yielded an up to 18% improved modulus, and the moisture uptake was reduced significantly. The fiber-matrix interfacial bonding was also found to be improved. During the FA treatment in parallel, the acid catalyst reduced the strength of the flax fibers. It was shown that the FA pretreatment is an efficient way to reduce the moisture absorption. Further work has to focus on the catalyst (acid) and treatment process to prevent degradation of the fibers.
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